Abstract. angiogenesis is a prerequisite for tumor progression and metastasis. alphastatin, as an endogenous angiogenesis inhibitor, was recently used as an anticancer agent in several tumor models. We constructed recombinant self-inactivating lentivirus vectors expressing alphastatin and evaluated their ability to transfer genes into human umbilical vein endothelial cells (HuVecs) as well as their antiangiogenic activities in vitro. Recombinant self-inactivating lentiviral vectors efficiently and stably transduced endothelial cells, and lentivirus-transduced HuVecs were capable of sustainedly secreting the antiangiogenesis peptide alphastatin. long-term expression and secretion of alphastatin resulted in significant inhibition of endothelial cell angiogenesis induced by vascular endothelial growth factor. This report presents the first use of lentivirus-based vectors to deliver the endogenous angiogenesis inhibitor alphastatin, and suggests the potential utility of antiangiogenic gene therapy with lentiviral vectors for the treatment of cancer.
Introduction
it is widely recognized that angiogenesis is a critical process required by solid tumors to support their growth. Within a given microenvironment, the angiogenic response results from a balance between proangiogenic and antiangiogenic factors, secreted by tumor cells and components of the stroma, which result in the activation of angiogenesis followed by tumor outgrowth (1) . Several studies have demonstrated that endogenous angiogenesis inhibitors in the body, including angiostatin (2), endostatin (3) and alphastatin (4) , contribute to the suppression of pathologic angiogenesis.
alphastatin, a 24-amino acid peptide derived from the amino terminus of the α-chain of human fibrinogen, has been shown to have potent antiangiogenic properties in vitro and in vivo (4) (5) (6) . However, peptide-based therapeutic strategies using these antiangiogenic factors have been limited by significant difficulties including large-scale protein production, a short circulating half-life and low peptide stability in vivo, and the requirement of long-term administration to maintain tumor suppression.
delivery of the genes encoding angiogenic inhibitors using viral vectors represents a more effective strategy that has the potential for in situ production of higher local concentrations of these inhibitors than those achieved by systemic infusion of antiangiogenic peptides. This will more efficiently prevent the induction of new blood vessel formation, and will minimize potential systemic side effects (7) (8) (9) . Therefore, an efficient gene delivery system that achieves stable long-term expression of the peptides is necessary.
Third generation lentiviruses represent an attractive new vector system that allows permanent integration of the delivered transgene and definitively increases the level of biosafety (10) . There are no previous reports of lentivirus-based vectors expressing the angiogenesis inhibitor alphastatin. Here, we successfully constructed recombinant lentivirus vectors capable of transducing endothelial cells for long-term expression of alphastatin, which significantly inhibited angiogenesis in vitro.
Materials and methods
Reagents. endothelial cell growth supplement (ecGS), Dulbecco's modified Eagle's medium (DMEM), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and dimethyl-sulfoxide (dMSo) were purchased from Sigma-aldrich. Growth factor-reduced (GFr) Matrigel was purchased from Becton dickinson. recombinant human vascular endothelial growth factor (VeGF) was acquired from PeproTech. Fetal bovine serum (FBS) was purchased from Gibco (uSa). restriction enzyme BamHi and Ecori were purchased from new england Biolabs.
Cells and cell culture. Freshly delivered umbilical cords were obtained from natural births, and human umbilical vein endothelial cells (HuVecs) were isolated from human umbilical cord veins via collagenase digestion as previously described (11) . The cells were cultured in eGM-2 supplemented with 20% FBS at 37˚C in a humidified atmosphere of 5% CO 2 . Confluent cultures between the third and eighth passages were employed in the functional assays.
Generation of expression vector. a prokaryotic expression plasmid vector pBV220/nT4-al encoding the nT4-al (neurotrophin-4 signal peptide, pro-region sequences and alphastatin) fusion gene fragment was constructed as previously described (12) (13) (14) (15) . After digestion with restriction enzymes, the resulting nT4-al gene with BamHi and Ecor i sites from the pBV220/nT4-al plasmid was inserted into the multiple cloning site of the expression plasmid pWPXL/ GFP-ireS-GFP (a kind gift from the university of california, San diego, ca, uSa) containing a multiple cloning site and the gene encoding green fluorescent protein (GFP). The resultant vector plasmid pWPXL/NT4-Al-IRES-GFP was digested with restriction enzyme to test whether the nT4-al cdna fragment was successfully inserted into the lentivirus shuttle plasmid (Fig. 1a) .
Production and titration of recombinant lentivirus vectors.
an improved third-generation lentivirus system has been developed (10, 16) . This system comprises the following plasmids: pMdlG/prre and prSV/reV, packaging plasmids in which all accessory genes (vif, vpr, vpu and nef) and regulatory genes (tat and rev) are deleted; pMd2.G, an envelope plasmid for vesicular stomatitis virus G glycoprotein and rev protein; and the SIN plasmid pWPXL/GFP-IRES-GFP, which contains a multiple cloning site and the gene encoding GFP. The recombinant lentivirus vector of nT4-al was generated by cotransfection of 293T cells with 20 µg pWPXL/NT4-Al, 12 µg pWPXL/NT4-Al-IRES-GFP, 10 µg pRSV/REV and 10 µg pMd2.G plasmids in 10-cm dishes with lipofectamine 2000 (invitrogen, uSa). 293T cells were cultured in dMeM containing 10% heat-inactivated FBS. culture supernatants were collected every 24 h for 3 days, filtered through a 0.45-µm pore size filter and concentrated two times by ultracentrifugation at 50,000 x g at 20˚C for 120 min. The viral supernatants were concentrated 1,000 times by ultracentrifugation, and finally resuspended in sterile phosphate-buffered saline (PBS) and stored at -80˚C until use. The virus titers were determined on 293T cells by measuring GFP expression using flow cytometry.
Infection of HUVECs with lentivirus vectors. on the day of infection, cells were plated at a density of 4x10
4 cells/well in 96-well plates along with lenti-nT4-al or lenti-GFP at different multiplicities of infection (Moi) in serum-free growth medium containing 5 µg/ml polybrene. Serum-containing growth medium was added after 4 h, and then replaced after 48 h. Reporter gene expression was examined using fluorescent microscopy on days 4 and 5 post-infection. HUVEC-NT4-al-GFP and HuVec-GFP cells were then passaged and prepared for subsequent assays.
Alphastatin secretion expression from transduced cells.
Following gene transfer into HuVecs, the secretion expression levels of the alphastatin protein were assessed by SDS-PAGE and mass spectrometric analysis. Briefly, HuVec-nT4-al-GFP or HuVec-GFP cells were incubated for 48 h in serum-free medium. each sample (20 µl) was run on SdS-PaGe gels and then transferred onto nitrocellulose membranes (Pall Gelman Sciences, ann arbor, Mi, uSa). The gels were then stained with coomassie Brilliant Blue to determine the secretion protein and its purity in the cell culture supernatant. The molecular weights of the samples were estimated using mass spectrometry analysis to confirm that alphastatin had been secreted into the cell culture supernatant.
Cell culture supernatant collection. cell culture supernatants were collected from the culture media of HuVec-GFP (HU-Null) and HUVEC-NT4-Al-GFP (HU-Al) cells. Briefly, HU-Null or HU-Al cells were cultured until sub-confluent in dMeM media containing 100 g/ml ecGS for 24 h. The medium was then replaced with dMeM containing 1% FBS for a further 24 h. The conditioned medium was collected and concentrated 40-fold through a Microcon-10 column (Millipore, Bedford, MA, USA), then stored at -80˚C for subsequent assays.
Effect of lentivirus vector transfection on HUVEC cell growth.
The MTT assay was used to assess the proliferation of the HuVecs (17) . Parantal HuVecs, HuVec-GFP (Hu-null) and HuVec-nT4-al (Hu-al), were individually prepared and seeded into 96-well plates at 3x10 4 cells/ml for 24, 48 and 72 h. at these time points, a quarter volume of MTT solution (2 mg MTT/ml PBS) was added to each well and each plate was incubated for 4 h at 37˚C, resulting in an insoluble purple formazan product. The medium was aspirated and the precipitates were dissolved in 150 µl of DMSO buffered at pH 10.5. The absorbance was then read at 490 nm using a Dynex enzyme-linked immunosorbent assay (eliSa) plate reader (ashford, Middlesex, uK).
Cell migration assay. The cell migration assay was adapted from Malinda et al (18) and involved the use of a 24-well microchemotaxis chamber (neuro Probe, aM) with 8-µm pore size polycarbonate membranes (neuro Probe, aM), the under surfaces of which were coated with 10 µl of GFr Matrigel. HuVec-null, HuVec-al or HuVecs were grown to sub-confluence in the lower chambers in DMEM containing 100 g/ml ecGS for 24 h. The medium was then replaced with dMeM containing 1% FBS for a further 24 h. VeGF, either alone (10 ng/ml) or combined with cell conditioned culture supernatant (25 µl/ml), was added to the lower chambers and incubated for 48 h. The HuVec cell suspension (1x10 5 cells/ ml) was then added to the upper chambers and incubated at 37˚C for 8 h. Migrated cells adhering to the under surface of the membranes were fixed with 4% paraformaldehyde and stained with H&e. The migrated cells were then counted under an optical microscope at a magnification of x20.
Tube formation assay. For the tube formation assay, 24-well plates were coated with GFr Matrigel (300 µl/well). endothelial cells seeded onto this matrix usually migrated and formed tubules within 6 h of plating. HuVecs were seeded at 2x10 5 cells/ml and incubated for 6 h in 500 µl DMEM + 1% FBS (control), or in DMEM + 25 µl/ml cell culture supernatant, with or without 20 ng/ml VeGF. after 8 h, the endothelial cell-derived tube-like structures were visualized using an inverted microscope and photographed at a magnification of x20. Tube-like structure formation was also quantified by calculating the tube areas.
Statistical analysis. data are expressed as the mean ± SeM, and representative data from one of three replicate experiments are shown. differences between the groups were determined using one-way anoVa followed by the Student's t-test. a P-value of <0.05 was considered significant.
Results

Construction and identification of expression plasmid and production of recombined lentivirus vectors.
The lentivirus expression plasmid we constructed contained the elements required for virion packaging, such as 5' and 3' long terminal repeats and a ψ packaging signal. The packaging system of lent-nT4-al-GFP is shown in Fig. 1a . The dna sequence of the nT4-al fusion gene was identical to that of nT4 and the 24 amino acid alphastatin. The length of nT4-al was 336 bp, including a 247-bp fragment of a human neurotrophin-4 signal peptide sequence and a pro-region with two restriction sites (BamHi and Ecori). To test whether the nT4-alphastatin sequences were cloned into the plasmid, enzyme digestion identification and PCR analysis were performed. Fairly steady 336-bp sequences were achieved and the recombinant expression plasmid pWPXL/NT4-Al was shown to be correctly constructed (Fig. 1B) . after co-infection by four plasmids of 293T cells, lentivirus vectors were produced and flow cytometry analysis revealed that the virus titers were 3.4x10 8 Tu/ml. pWPXL/GFP, a vector containing only the IRES-GFP expression cassette without any transgene expression upstream of the ireS, was used as a negative control. (Fig. 2a) . Typically, at a Moi of 40, >98% of the transduced cells were found to be GFP-positive using fluorescence-activated cell sorting analysis. Secretion protein molecular weight was identified using mass spectrometry analysis. The data revealed that experimental protein molecular weight was equal to the theoretical value of alphastatin (Fig. 2B) . Production of secretory forms of human alphastatin after gene transfer by the vesicular stomatitis virus G protein (VSV-G)-pseudotyped Sin lentivirus vector was confirmed by SDS-PAGE. Analysis revealed that the relative molecular weight of the expressed product was 2.3-2.5 kDa, consistent with the expected value (Fig. 2C) .
Production and secretion of antiangiogenic peptides from lentivirus vectors. GFP expression was detected in HuVec cells at 72 h post-infection by fluorescent microscopic analysis
Effects of alphastatin transduction on endothelial cell growth and proliferation.
To evaluate the effects of alphastatin transduction and expression on the growth of HuVecs in vitro, the relative growth rates of Hu-null, Hu-al and parental HuVecs were compared using the MTT assay. as shown in Fig. 3A , there was no significant difference between the growth rates of Hu-null, Hu-al and parental HuVecs, suggesting that neither the lentivirus transduction procedure nor the overexpression of GFP or alphastatin affected the intrinsic rate of cellular proliferation in these cells.
Effects of alphastatin on VEGF-induced HUVEC migration
and tube formation. experiments were performed to determine whether alphastatin affected the three main stages of angiogenesis -endothelial cell proliferation, migration and tubule formation -induced by VeGF in vitro. exposure to alphastatin-containing culture supernatant significantly inhibited VeGF-induced migration in a Boyden chamber assay (P<0.001; Fig. 3B ). in addition, tube formation by HuVecs was significantly inhibited by alphastatin-containing culture supernatant (25 µl/ml; P<0.004) in the presence of 20 ng/ ml VeGF (Fig. 4) . However, HuVec proliferation was not affected by alphastatin-containing culture supernatant. 
A B Discussion
lentivirus vectors are capable of permanently integrating into the target cells. in the present study, recombinant lentivirus vectors expressing secretory forms of alphastatin were constructed and tested for their antiangiogenic activities. These lentivirus vectors efficiently infected endothelial cells, resulting in the expression and secretion of alphastatin at levels sufficient to achieve significant inhibition of endothelial cell angiogenesis. To our knowledge, this is the first report of lentivirus-based vectors encoding these antiangiogenic factors. lentiviral vectors integrate their cdna into both dividing and non-dividing cells (19). a third-generation Sin lentivirus vector, in which the u3 region of the 3' lTr (including the TaTa box) was deleted, thus abolishing any lTr promoter activity (10) , enhanced the security level of transgene expression significantly. In addition, VSV-G pseudotyped lentivirus vectors, which bind to cell surface phospholipids (20) , have a potential advantage in achieving efficient gene delivery to endothelial cells. in this study, using a third-generation lentivirus, we successfully constructed recombinant lentivirus vectors of the nT4-al fusion gene. in this delivery system, the alphastatin sequence alone is not sufficient for efficient translation and secretion in mammalian cells (21) (22) (23) (24) ; therefore, the human neurotrophin-4 signal peptide and pro-region sequence (nT4) were fused in-frame to the end of the coding sequence and a stop codon was appended to the end of the alphastatin coding sequence (Fig. 1a) . in this way, the signal peptide and pro-region of human neurotrophin-4 were able to contribute to alphastatin sufficient secretion expression in mammalian cells (14, 15, 25) .
endothelial cells were selected as the target transduction cells in this study. as tumor growth is highly dependent on angiogenesis, particularly in brain malignant gliomas A B (26, 27) , the introduction of a vector into endothelial cells is, by contrast, exponential or geometric (28) . in fact, with intravenous administration, viral vectors easily access the target cells without having to cross through the vessel wall to reach the targets. additionally, in construction co-implanting tumor models (infected HuVecs and tumor cells; data not shown) sustained secretory protein alphastatin from HuVecs stimulated an intravenous route of administration, which was capable of avoiding repeat direct administration with expensive recombined lentivirus. Thus, introducing HuVecs as target transduction cells practically represented a systemic antiangiogenesis therapeutic strategy. However, the effect of endothelial cells promoting tumor growth should be considered (29) . This increased the practical application of the alphastatin gene delivery therapeutic strategy. Furthermore, alphastatin is a potent inhibitor of activated endothelial cells in vitro and in vivo since, as an agent that specifically targets activated endothelium in areas of angiogenesis rather than endothelial cells in the quiescent vasculature, particularly in tumor neovascularization, the receptors for alphastatin may be expressed only on endothelium activated by VeGF or bFGF in tumor vessels. Here, we determined that the cell culture supernatant of infected HU-Al significantly inhibited VeGF-induced endothelial migration and tube formation, but not proliferation in the initial stage of angiogenesis. in addition, our data showed that Hu-al cells transfected by recombined lentivirus and the control HuVecs demonstrated equal growth rates, and alphastatin inhibited VeGF-induced HuVecs, but not normal HuVecs. This suggests that transduced endothelial cells were capable of sustainedly secreting alphastatin, which markedly suppressed the initial stage of angiogenesis (1) . Moreover, lentiviral infection and alphastatin transduction did not alter the growth characteristics of HuVec cells or affect quiescent endothielial cells. Therefore, the secretion expression protein alphastatin from endothelial cells inhibited angiogenesis in an autocrine fashion when endothelial cells were activated by VeGF, or in a paracrine fashion when quiescent endothelial cells were presented.
in conclusion, we demonstrated the use of recombinant lentivirus vectors for the stable transduction of HuVec cells to achieve the secretion of alphastatin for the local suppression of angiogenesis. This could serve as an endogenous source of constitutively secreted antiangiogenic factors, an approach that may have potential in the prevention of distant metastases and local recurrences of malignancies after surgical removal of the primary tumor. 
